Previous research has demonstrated long-term deficits in neurocognitive function in individuals with a history of sport-related concussion. The purpose of this study was to examine the relationship between a history of concussion and behavioral and event-related potential (ERP) indices of pre-and post-response conflict and error monitoring. A secondary aim was to determine whether years of high risk sport participation were related to impairments in these cognitive control processes. Forty-seven former athletes (age = 20.8 ± 2.2 years) with (n = 25; 5 females) and without (n = 22; 9 females) a history of concussion completed a modified flanker task while behavioral performance, N2, error-related negativity (ERN), and error positivity (Pe) components were assessed. An increase in post-response error-related (ERN) brain activity and a nonsignificant trend of increased pre-response conflict (N2) was observed in individuals with a prior sport-related concussion relative to nonconcussed controls; however, no behavioral performance differences were found between groups. No significant associations were found between ERP and behavioral measures and the number of years of high-risk sport participation; however, time since last head injury was associated with shorter N2 latency. Together, these findings suggest a persistent impairment in cognitive control and error-related processing in individuals with a history of concussion. These findings are interpreted within the framework of the compensatory error-monitoring hypothesis.
Introduction
Sport-related concussions have received increasing media attention, in part due to their high prevalence rates and potential for long-term consequences. Although an estimated 1.6 to 3.8 million sport-related concussions occur annually in the United States (Langlois et al., 2006) , many of these mild traumatic brain injuries (mTBIs) go unreported (Meehan et al., 2013) . Despite this underreporting, concussion incidence rates have increased over the past two decades in part due to the increased awareness and improved diagnostic criteria surrounding these injuries (Clark and Guskiewicz, 2016) . A recent meta-analysis of 57 studies demonstrated that a history of TBI, including concussions, is associated with increased risk for Alzheimer's disease, Parkinson's disease, mild cognitive impairment, depression, mixed affective disorders, and bipolar disorder (Perry et al., 2016) . Therefore, advancing understanding of the dynamic process of brain recovery and the potential for intervention following injury remains paramount.
Concussions are often associated with a diverse range of neuropathological symptoms that affect normal, healthy functioning. Many of these symptoms (e.g., headache, balance problems, feeling "in a fog") appear immediately, while others may not be observable for days or even months following injury (McCrory et al., 2017) . However, most of these symptoms gradually resolve and observable neurological status typically returns to baseline levels within 7-10 days following injury (Harmon et al., 2013; Pontifex et al., 2009) . Although there is rapid restoration of symptomatology following an acute injury, there are growing concerns about the potential long-term effects of sport-related concussions on brain and cognitive function. Indeed, evidence suggests that cognitive impairment may persist much longer than subjective symptoms following a concussion (e.g., Harmon et al., 2013; McCrea et al., 2003) . Unfortunately, the majority of studies examining the relationship between a history of concussion and cognitive function have relied solely on behavioral performance measures of reaction time and response accuracy and standard neuropsychological tests, such as the Immediate Post-Concussion Assessment and Cognitive Testing (Im-PACT) . This is problematic since these behavioral measures may not have the requisite sensitivity and specificity to reveal subtle, persistent impairments in cognition after symptoms have resolved (Broglio et al., 2006; Guskiewicz et al., 2002; Iverson, 2005) . Thus, enhancing the reliability and precision of neurocognitive testing following concussion remains a priority.
To advance clinical practice, experts have recommended combining sensitive neuroscientific techniques with neuropsychological and symptom-based assessments (Slobounov et al., 2012) . Numerous neuroscientific techniques, including electroencephalography (EEG), functional magnetic resonance imaging (fMRI), diffusion tensor imaging (DTI), positron emission tomography (PET), and magnetic resonance spectroscopy (MRS) offer promise for advancing the clinical management of concussions. Event-related potentials (ERPs) represent one particularly useful approach to document subtle neurocognitive deficits following concussion (see Broglio et al., 2011 for a review) . ERPs reflect voltage fluctuations in the ongoing EEG that are time-locked to an event, such as the presentation of a visual stimulus or execution of a manual response (Kappenman and Luck, 2012) . Importantly, the millisecond-level resolution of the ERP technique allows for the detection of subtle changes in the stream of information processing to be isolated and quantified (Kappenman et al., 2016; Moore et al., 2017) . ERPs have allowed for the identification of select alterations in sensory, motor, and cognitive functions following concussive injuries (Broglio et al., 2011) .
Numerous studies examining different ERP components have been conducted to enhance our understanding of the immediate and potential delayed consequences of sport-related concussions (Broglio et al., 2011; Ellemberg et al., 2009; Moore et al., 2015; Pontifex et al., 2009) . The majority of studies in this area have focused on the P3 (P300 or P3b) component, suggesting that it may serve as an ERP index of chronic cognitive impairments associated with a history of concussion (Broglio et al., 2011) . Recently, the stimulus-locked N2 and responselocked error-related negativity (ERN) components have also received considerable research attention due to their relevance to cognitive control. Cognitive control is a broad term used to describe the set of mental functions or operations involved in guiding thoughts and actions in the service of goal-directed behaviors, and importantly, may be particularly affected by concussion history . The N2 and ERN components are most often elicited during cognitive control tasks involving inhibition (e.g., the flanker task), where individuals must override and control a strong internal disposition or external lure (i.e., stimuli) to successfully complete a particular goal (Folstein and Van Petten, 2008) . The N2 is a negative deflection in the stimuluslocked waveform with a frontocentral scalp distribution that peaks approximately 250-350 ms after stimulus presentation (Botvinick et al., 2004; Clawson et al., 2013; Folstein and Van Petten, 2008) while the ERN is a negative deflection in the response-locked waveform that occurs within 100 ms after the commission of an error (Gehring et al., 2012; Holroyd et al., 1998) . Previous evidence suggests that the N2 represents pre-response conflict generated by activation of competing response options, such as the target stimulus and flanking stimuli during a typical flanker task (Olvet and Hajcak, 2008) . Thus, the N2 component relates to the process of conflict monitoring immediately prior to task completion and is typically more negative for trials of higher conflict (i.e., incongruent trials relative to congruent trials; Folstein and Van Petten, 2008) . The ERN, on the other hand, represents an index of post-response conflict generated by a competing mental representation of an error response and a subsequent corrective response prompted by the target stimulus (Larson et al., 2014) . Previous research suggests that the ERN represents neural activity signaling the need to adjust behavior and upregulate cognitive control processes for subsequent performance (Falkenstein et al., 1991; Gehring et al., 1993; Holroyd and Coles, 2002) . More specifically, the ERN is thought to function as an 'alarm' that signals from the anterior cingulate cortex (ACC) and supplementary motor regions of the medial prefrontal cortex (mPFC) to the lateral PFC that an error has occurred, in order to optimize subsequent performance (Moran et al., 2015; Shenhav et al., 2013) . In addition, almost immediately following the ERN, a positive deflection is observed following error trials and is referred to as the error positivity (Pe). The Pe is maximal approximately 200-400 ms after error commission (Falkenstein et al., 2000; Nieuwenhuis et al., 2001) and has been suggested to reflect error awareness (Leuthold and Sommer, 1999; Nieuwenhuis et al., 2001) , an affective or emotional response (Falkenstein et al., 2000) , or a P3-like orienting response to errors (Hajcak et al., 2003) . Relative to the N2 or ERN, the Pe component has received much less attention in ERP studies among individuals with a history of concussion.
In a recent study examining the potential long-term consequences of pediatric concussion, children who previously suffered a concussion exhibited increased amplitude and longer latency of the N2 during a modified flanker task (Moore et al., 2015) . These findings were interpreted as impairments in monitoring and resolving stimulus conflict, indicating subtle but persistent deficits in attention and cognitive control processes. More recently, Ledwidge and Molfese (2016) found no between-group differences among 44 varsity football athletes with and without a history of concussion on neuropsychological tests or behavioral performance measures during an auditory oddball task. However, athletes with a concussion history exhibited significantly larger N2 amplitudes, suggesting increased recruitment of inhibitory control processes in order to successfully meet task demands. In contrast, Broglio et al. (2009) reported smaller N2 amplitudes elicited by a threestimulus oddball task among a group of young athletes with a self-reported history of concussion relative to those athletes who reported no previous concussion history. Moreover, a number of previous studies have not found differences in N2 amplitude or latency to be associated with a history of concussion (e.g., Gaetz et al., 2000; Gosselin et al., 2012; Moore et al., 2016) . Importantly, although the N2 is elicited during various tasks such as the go/no-go, stop signal, and oddball paradigm, the N2 elicited by these tasks may reflect different cognitive processes such as response inhibition, target probability, perceptual novelty, and mismatch (Folstein and Van Petten, 2008) . This evidence led Larson et al. (2014) to conclude that "not all N2s are created equally" and to recommend caution when attempting to compare N2 findings across different cognitive tasks or paradigms. Collectively, the initial findings are mixed relative to the impact of a previous concussion history on long-term impairment of pre-response cognitive control processes, as indexed by N2.
Findings related to the post-response ability to detect errors and adaptively regulate behavior in a changing environment (reflected by the ERN) are also currently mixed. For instance, young adults with a history of concussion (average of 2.9 years since last injury) had a significantly smaller flanker ERN amplitude compared to non-concussed, otherwise healthy controls, even in the presence of normal functioning on the ImPACT test . Interestingly, a negative association was found between the number of previous concussions and ERN, such that an increased number of reported concussions was associated with lower ERN amplitudes. In a recent study of pediatric concussion, Moore et al. (2015) demonstrated decreased flanker ERN amplitudes in children with a history of concussion, with significantly larger ERN group differences for the more difficult incongruent flanker task condition, suggesting long-term impairments for tasks that require greater amounts of cognitive control. In contrast, Larson et al. (2012) used a modified color-naming version of the Stroop task and found no significant differences in ERN amplitudes between 36 individuals with a history of mTBI from sports-related incidents (n = 25; 69%), falls (n = 7; 19%), motor vehicle accidents (n = 2; 6%), and other accidents (n = 2; 6%) and 46 neurologically-healthy controls. Differences between these studies could be due to a number of moderating variables that have yet to be examined in the concussion and neurocognitive function relationship. For instance, individual differences due to age, gender, variability in concussion severity, and the relative influence of subconcussive "hits" may all influence the relationship between concussion and ERP component amplitude. Critically, no published study to date has examined both pre-and post-response conflict processes using N2 and ERN components, respectively, to advance understanding of whether or not a history of concussion results in lasting and meaningful impairment to cognitive control processes. These two components have been shown to be dissociated, and Larson et al. (2014) have recommended that both ERP components be studied in unison for a more comprehensive understanding of pre-and post-response cognitive control operations among psychiatric and/or neurologic patients.
Therefore, the aim of this study was to determine the relationship between a history of sport-related concussion on pre-and post-response conflict and error-related performance monitoring, as indexed by N2 and ERN and Pe, respectively. In line with previous research that used a flanker paradigm Moore et al., 2016; Pontifex et al., 2009) , individuals with a history of concussion were hypothesized to exhibit alterations in N2 amplitude and latency compared to controls. We also predicted differences in ERN amplitude among the concussed group, suggestive of impairments in error-related brain activity, while we expected no group differences in Pe amplitude, which is in line with previous findings (Larson et al., 2007; Pontifex et al., 2009) . Additionally, in accordance with recent research addressing the potential influence of repetitive sub-concussive impacts on neurocognitive function (Moore et al., 2017) , we examined the relationship between years of high risk sport participation on behavioral and ERP indices. Years of high risk sports participation were hypothesized to be negatively correlated with N2 and ERN amplitudes, suggesting that those with a greater number of years playing sports considered at high risk for accumulating subconcussive impacts (e.g., football, hockey, soccer) would demonstrate deficits in conflict and error-related performance monitoring processes. Given the high level of cognitive reserve inherent in the age of our sample, behavioral and ImPACT performance measures were not expected to differ between individuals with and without a history of sport-related concussion. However, we also evaluated posterror behavioral adjustments of accuracy and reaction time following error responses, as well as a measure of intra-individual variability of behavioral performance (coefficient of variation of reaction time [CVRT]). These measures have been used to reveal subtle, but important differences in the absence of differences in overall accuracy or latency measures (Moore et al., 2015) .
Methods

Participants
Forty-seven individuals between the ages of 18 and 30 were recruited from Rutgers, The State University of New Jersey and the surrounding community through the use of advertisements and social media. All participants included in the study were native English speakers, reported normal or corrected-to-normal visual acuity, and played high school varsity sports. Exclusion criteria included a diagnosis of attention deficit hyperactivity disorder (ADHD), any brain injury unrelated to sport, or psychotropic medication use. Participants were separated into two groups (concussed, control) based on a previous history of a physician-diagnosed concussion. Participants in the concussed group (n = 25; 5 females) were screened to confirm that the diagnosed concussion resulted during participation in the sporting activity and that they were symptom-free at the time of testing. The control group (n = 22; 9 females) consisted of young adults with a similar sport participation background, but without a history of concussion or head injury resulting in a loss of consciousness. Similar to the Moore et al. (2014) study, all participants were asked two additional questions related to experiencing any previous head injury and concussion-like symptoms following any blow to their head to verify that athletes were appropriately grouped into previously concussed versus control groups. All participants provided written informed consent that was approved by the university Institutional Review Board. Participant demographic, injury and sport participation data can be found in Table 1 , while the primary sport played for the concussed and control groups is indicated in Table 2 . All of the athletes with a previous history of concussion reported being injured while participating in their primary sport.
Procedures
Upon arrival to the laboratory, participants completed a series of questionnaires, including a general medical and health history questionnaire, and an athletic participation and concussion history questionnaire. The Kaufman Brief Intelligence Test, Second Edition (K-BIT 2; Kaufman and Kaufman, 2004) was administered by a trained researcher to assess and control for intelligence quotient (IQ) scores. Following completion of the K-BIT 2, participants completed the ImPACT test to assess functional cognitive performance. Then, participants were fitted with a geodesic sensor net (Electrical Geodesics Inc. [EGI]; Eugene, OR, USA) to record the continuous EEG during a modified flanker task. Each participant completed a practice block of 30 trials before completing the experimental task. At the conclusion of the experiment, participants were compensated and briefed on the purpose of the study.
Measures
ImPACT
The ImPACT (ImPACT Applications, Inc., Pittsburgh, PA, USA) is the most widely-used concussion assessment tool used to guide concussion management decisions from youth to professional sports. The ImPACT is a computerized assessment that consists of a demographic questionnaire and concussion symptom report, followed by a battery of neuropsychological tasks assessing neurocognitive performance. ImPACT outcome variables include composite scores of verbal memory, visual memory, visuomotor processing speed, reaction time, and impulse control (see Schatz et al., 2006 for a detailed description).
Flanker task
Participants completed a modified arrow version of the Eriksen flanker task (see Fig. 1 ; Eriksen and Eriksen, 1974) . On each trial, participants were presented with five horizontal arrows presented at the center of the display approximately 70 cm from eye level, and were asked to respond to the direction of the center arrow. Congruent trials consisted of the central target arrow being flanked by arrows pointing in the same direction (i.e., < < < < < or > > > > >), whereas the central target arrow was flanked by arrows facing the opposite direction for incongruent trials (i.e., < < > < < or > > < > >). Arrows were 1.5 cm tall × 8 cm long, displayed in a black font on a light grey background and appeared at vertical and horizontal visual angles of 1.2°and 6.6°, respectively. All stimuli were presented on a 17 in (43.18 cm) Dell LCD computer monitor using E-Prime version 2.0 Professional software (Psychology Software Tools, Inc., Pittsburgh, PA, USA). Each trial began with a fixation cross (+) presented for 500 ms followed by stimulus presentation for 100 ms. Upon stimulus offset, there was a 1000 ms response window followed by a random intertrial interval (1100, 1300, and 1500 ms). Following 30 practice trials with performance feedback, participants completed two blocks of 110 trials consisting of equiprobable congruent and incongruent flanker stimuli. Participants were instructed to respond as quickly and accurately as possible by making a left or right button press corresponding to the directionality of the central target arrow. No feedback was provided during these two blocks of trials. The dependent measures included response accuracy (%), reaction time (in milliseconds), CVRT, calculated as standard deviation of reaction time ÷ mean reaction time, and measures of post-error behavioral adjustments, including post-error slowing (in milliseconds) and post-error accuracy (%).
Event-related potentials
Continuous EEG activity, online referenced to the vertex electrode (Cz), was recorded from 64 scalp electrode sites using a geodesic sensor net that was arranged based on the International 10-10 system (Chatrian et al., 1988) . The data were amplified and digitized by an EGI amplifier with a nominal gain of 20,000, bandpass of 0.10-100 Hz and a sampling rate of 250 Hz with a 24-bit analog-to-digital converter. Horizontal electrooculogram (EOG) activity was recorded from electrodes located lateral to the external canthi to measure saccadic eye movements, while vertical EOG activity was recorded from electrodes located above and below each eye. Continuous data were visualized in NetStation 4.0 and impedances were kept below 50 kΩ .
All data were exported from NetStation 4.0 to EEGLAB toolbox (Delorme and Makeig, 2004) in Matlab to perform data preprocessing operations. Data were bandpass filtered using a 2nd order infinite impulse response (IIR) Butterworth filter of 0.1-30 Hz. Data were then adjusted for DC offset and visually inspected to identify and remove segments containing large muscle-related artifacts or extreme offsets. Stimulus-locked epochs were created for correct trials using a − 100 to 1000 ms time window, while response-locked epochs were created for both correct and incorrect (i.e., error commission) trials using a − 400 to 800 ms time window. Ocular artifacts and eye blinks were removed from the segmented waveforms using ICA blink templates that were provided by ERP PCA toolkit (Dien, 2010) and generated from the current dataset. ICA components that correlated 0.9 or higher with scalp topographies of the blink template were removed. Trials were also rejected if there was a voltage difference of 100 μV between minimum and maximum values in that trial or if channels differed by > 30 μV from the neighboring 6 closest channels that were marked bad. Trials with > 10% of channels marked as bad were also removed. Remaining bad channels were corrected through interpolation obtained from "good" channels of the scalp voltage field within each segment. Lastly, epochs were re-referenced to the mean of the mastoids (Bertrand et al., 1985; Tucker et al., 1994) , averaged by flanker trial type (congruent, incongruent), and baseline corrected using a − 100 to 0 ms and −400 to −200 ms pre-stimulus period for stimulus-locked and responselocked epochs, respectively.
Consistent with previous ERP research and due to the scalp distribution reflecting the components of interest, N2 and ERN amplitudes were assessed across a region of interest (ROI) at frontocentral electrode sites (Fz, FCz; Endrass et al., 2010; Folstein and Van Petten, 2008; Riesel et al., 2013) . Pe amplitude was assessed across a ROI at centroparietal electrode sites (Cz, Pz; Larson et al., 2007) . Correct trials for N2 amplitude were measured as the mean amplitude in an a priori time window of 200-350 ms post-stimulus onset (Alderman et al., 2015; Olson et al., 2016) while correct responses for CRN and incorrect responses for ERN were measured as the mean amplitude in an a priori time window of 0-100 ms around the response . Correct and incorrect responses for Pe were measured as the mean amplitude in an a priori time window of 200-400 ms following the response (Larson et al., 2007) . ERP difference waves (ΔN2: incongruent minus congruent trial waveforms; ΔERN = error minus correct trial waveforms; ΔPe: error minus correct trial waveforms) were constructed to isolate activity associated with pre-and post-conflict and error-related brain activity. To analyze N2 and ERN latency, centroid latency measures were derived using the same time windows from above. The centroid measure of latency assesses the overall area under the curve in order to capture the central tendency of the waveform (Dien et al., 2004) . Pe latency measurements were not conducted due to the component's tonic nature, as suggested by previous research (Overbeek et al., 2005) . Lastly, all processing procedures were performed by authors who were blinded to the group status of the participants (C.J.B. and P.J.E.). Descriptive statistics were conducted on participant characteristics and presented as M ± SD (see Table 1 ). Repeated measures analyses of variance (RM-ANOVA) were conducted with a two-tailed family-wise error rate of 0.05 for behavioral performance and ERP measures. Oneway ANOVAs were used to compare the composite outcome measures on ImPACT test performance between groups (concussed, control). Analyses of behavioral performance data (reaction time, accuracy) and N2 included a within-subjects factor of task congruency (congruent, incongruent) and a between-subjects factor of group (concussed, control). For ERN and Pe, analyses included a within-subjects factor of trial accuracy (correct, error) and a between-subjects factor of group (concussed, control). Greenhouse-Geisser epsilon corrections for nonsphericity were used to adjust the probability values in cases where the sphericity assumption was not met (Jennings and Wood, 1976) . Effect sizes for the RM-ANOVAs were reported as eta-squared (η 2 ) values. Correlation analyses were conducted to investigate the relationship between behavioral performance, ERP measures, and injury-related moderators, including number of concussions, number of concussions resulting in loss of consciousness, time (in months) since last concussion, age at first concussion, and years of high risk sport participation. All data analyses were performed using JASP version 0.8.0.0 software (JASP Team, http://www.jasp-stats.org/).
Results
Preliminary descriptive analyses revealed between group differences for body mass index (BMI), t(45) = 3.1, p < .05, while no other significant between group differences for demographic variables of age, t(45) = 0.8, p = .44, IQ, t(45) = −1.1, p = .28, and years of education, t(45) = 0.5, p = .44, were observed. No significant correlations were found between BMI and any of the behavioral or ERP outcome measures. In addition, no significant differences in behavioral performance or ERP measures were found between men and women; therefore, data were collapsed across male and female participants for all subsequent analyses.
Behavioral performance
ImPACT and flanker task behavioral performance variables are presented as M ± SD in Table 3 .
ImPACT
The analyses revealed no significant differences by group for composite scores of verbal memory, F(1,45) = 1.1, p = .31, η 2 = 0.03, visual memory, F(1,45) = 0.01, p = .97, η 2 < 0.01, motor speed, F (1,45) = 0.01, p = .93, η 2 < 0.01, reaction time, F(1,45) = 3.0, p = .09, η 2 = 0.07, and impulse control, F(1,45) = 0.8, p = .39, η 2 = 0.02.
Flanker task
Analysis of response accuracy revealed a main effect of congruency, F(1,45) = 77.0, p < .001, η 2 = 0.62, with greater accuracy for congruent (97.2 ± 5.4%) relative to incongruent (86.1 ± 10.2%) trials. Similarly for reaction time, there was a main effect of congruency, F (1,45) = 474.3, p < .001, η 2 = 0.91, with faster responses for congruent (418.4 ± 48.4 ms) compared to incongruent (507.4 ± 61.1 ms) trials. No significant group differences or group by congruency interactions emerged for accuracy and reaction time measures.
Analysis of response accuracy following correct and error trials revealed a main effect of accuracy, F(1,45) = 42.4, p < .001, η 2 = 0.50, indicating decreased accuracy following correct trials (84.6 ± 10.6%) compared to performance after error trials (94.5 ± 9.2%). For reaction time slowing, there was a main effect of accuracy, F(1,45) = 35.4, p < .001, η 2 = 0.46, which confirmed a general slowing following errors (472.0 ± 67.4 ms) relative to correct trials (432.9 ± 55.4 ms). In terms of reaction time intra-individual variability (i.e., CVRT), the analysis revealed a marginally significant effect of congruency, F (1,45) = 3.3, p = .08, η 2 = 0.07, such that there was greater variability on incongruent (0.527 ± 0.02 ms) relative to congruent (0.523 ± 0.01 ms) trials. No significant group differences or interactions by group were observed for post-error accuracy, post-error slowing, and CVRT measures.
ERP analyses
For the number of trials used for the ERP analyses, no significant group x congruency interactions emerged, which indicated that the number of trials contributing to the stimulus-(N2) and response-locked (ERN; Pe) components were similar between concussed and control groups, ps > 0.05. For the response-locked analyses, two control participants were excluded from the analyses due to the commission of fewer than six errors Olvet and Hajcak, 2009 ). Stimulus-and response-locked ERPs are depicted in Figs. 2 and 3, respectively. In addition, amplitude and latency measures for stimulusand response-locked ERPs are reported in Table 4 .
N2
The analyses for N2 amplitude revealed a main effect of congruency, F(1,45) = 4.6, p < .05, η 2 = 0.09, indicating larger N2 amplitudes for incongruent (1.6 ± 3.0 μV) relative to congruent (2.2 ± 3.4 μV) trials. No significant group x congruency interaction was found for N2 amplitude; however, a weak albeit nonsignificant group main effect was found, F(1,45) = 2.7, p = .10, η 2 = 0.06, such that N2 amplitudes trended more negative among individuals with a history of concussion (1.2 ± 3.0 μV) relative to controls (2.7 ± 3.0 μV). For latency, the analyses revealed a main effect of congruency, F(1,45) = 8.6, p < .01, η 2 = 0.15, with individuals displaying longer latencies for incongruent (282.6 ± 16.9 ms) relative to congruent (276.5 ± 3.0 ms) trials. No additional between group differences or group x congruency interactions were observed.
ERN
For amplitude, a main effect of accuracy, F(1,43) = 38.1, p < .001, η 2 = 0.45, revealed that the most negative amplitudes were observed for error (−3.0 ± 5.6 μV) compared to correct (3.4 ± 4.3 μV) trials. This main effect was superseded by a significant accuracy x group interaction, F(1,43) = 4.5, p < .05, η 2 = 0.05, such that individuals with a history of concussion exhibited larger (more negative) error-related 5.3 μV) . For latency, a main effect of accuracy approached significance, F(1,43) = 3.2, p = .08, η 2 = 0.07, with individuals displaying a trend for faster latencies on correct (44.6 ± 10.5 ms) relative to error (48.0 ± 11.8 ms) trials. No further significant group differences or accuracy x group interactions were observed.
Pe
For Pe amplitude, a significant main effect of accuracy, F (1,43) = 27.7, p < .001, η 2 = 0.38, indicated that the most positive amplitudes were observed following error (7.5 ± 6.2 μV) relative to correct (2.6 ± 2.6 μV) trials. There was no significant group x accuracy interaction for Pe amplitude.
Correlations
Pearson correlations indicated that time since last diagnosed concussion was negatively associated with N2 latency for congruent, r (23) = −0.50, p < .05, and incongruent trials, r(23) = −0.55, p < .05, which suggests that recent concussions may be related to longer latencies. Spearman rho correlations revealed a negative relationship between number of concussions resulting in a loss of consciousness and response accuracy on congruent, r(23) = −0.54, p < .05, and incongruent trials, r(23) = −0.54, p < .05, indicating that more severe concussions are related to impaired response accuracy. Bivariate correlations for the relationship between concussion-related variables and neurocognitive performance are reported in Table 4 . Lastly, Pearson correlations were conducted on the whole sample to investigate relationships between high risk sports participation and primary outcome variables as well as relationships between the various ERP measures and behavioral task performance measures; however, all correlations were nonsignificant with behavioral and ERP measures, ps > 0.05 (see Table 5 ).
Discussion
The purpose of this study was to examine the relationship between a history of sport-related concussion on pre-response and post-response conflict and error monitoring processes, as indexed by N2, ERN, and Pe components. A secondary aim was to investigate the relationship between years of high risk sport participation and performance monitoring as a proxy for the potential influence of repetitive subconcussive impacts on neurocognitive function. The current results revealed selective impairments in cognitive control and performance monitoring processes, such that increased error-related brain activity (i.e., larger ΔERN) was observed in individuals with a history of sport-related concussion relative to their neurologically healthy peers. N2 amplitudes were also more negative among individuals with a history of concussion, although this difference was not significant. This ERP evidence suggests that both pre-response and post-response cognitive control processes may be impacted by a history of concussion. These ERP findings were observed despite no significant between group differences in behavioral performance (reaction time, response accuracy), post-error adjustments, and intra-individual behavioral performance measures (CVRT). These findings are interpreted below within the framework of the compensatory error-monitoring hypothesis (Moser et al., 2013) .
Our finding of increased ΔERN in individuals with a history of concussion is consistent with previous studies indicating alterations in error-related brain activity for both children and young adults with a history of sport-related concussion (Brush et al., 2017; De Beaumont et al., 2013; Moore et al., 2015; Pontifex et al., 2009 ); however, not all studies have found a relationship between ERN and concussion (Larson et al., 2012) . In contrast to our findings of increased ΔERN, the three previous studies of impaired error processing in concussion all reported reduced ERN amplitude in individuals with a concussion history. Moore et al. (2015) found smaller flanker ERN amplitude in children with a history of concussion while Pontifex et al. (2009) reported attenuated ERN among college-aged adults with a history of concussion, as well as a negative correlation between ERN amplitude and the number of concussive events. It is unclear why increased rather than decreased error-related brain activity was observed in the current study. It is possible that variability in the number or severity of concussions or methodological differences may account for the between-study differences. For instance, De Beaumont et al. included current athletes who reported between 2 and 7 previous concussions while Moore et al. examined the long-term consequences of concussion among 8-10 year old children, who may be at increased risk due to the rapid brain development characteristic of this developmental period. Our study sample is most similar to the Pontifex et al. study; however, they found between group differences on behavioral performance outcomes such that those with a history of concussion exhibited impaired response accuracy and slower interference RT during flanker task performance. Thus, although their data suggested a suppressed ERN and impaired behavioral performance outcomes associated with a history of concussion, our sample demonstrated increased error-related brain activity and no difference in behavioral performance measures relative to their non-concussed peers. Our findings suggest that individuals with a history of concussion may need to upregulate neural resources following error commission in order to attain similar behavioral performance on subsequent trials. Note. ΔN2 = incongruentcongruent difference wave; ΔERN = errorcorrect difference wave; ΔPe = errorcorrect difference wave. ⁎ p < .05. Schroder and Moser (2014) previously outlined the utility in combining behavioral with ERP measures to better understand the functional significance of error-related brain activity. Their suggestions, combined with the compensatory error-monitoring hypothesis (Moser et al., 2013) , may help to clarify the inconsistent findings. That is, the increased ΔERN in our sample, and perhaps even the nonsignificant increase in N2 amplitude, may reflect a compensatory effort reflecting the need for more neural resources to achieve comparable performance, such that increased ACC activity and absence of deficits in behavioral performance might suggest a compensatory mechanism required for optimal performance. The altered ERN and impaired behavioral performance observed in the Pontifex et al. study might suggest greater impairment among their participants (Eysenck et al., 2007) . The current findings of larger ΔERN and N2 in individuals with a history of concussions may reflect inefficient pre-and post-response conflict, indicating the need for greater conflict and error monitoring resources to achieve the same level of behavioral performance as their non-concussed counterparts. The enhanced ΔERN may be a neural signature of this compensatory effort or greater utilization of processing resources to optimize performance. Taken together, these findings suggest the persistence of overactive performance monitoring processes following a history of sport-related concussion may impair the ability to evaluate response conflict and flexibly adjust subsequent behavior. Therefore, persistent deficits in pre-and post-response conflict processes may be a persistent consequence of concussive injuries. Future studies are warranted to examine individual differences in concussions (severity, number, location of injury) that may be associated with variability in these two ERP components of conflict processing.
It is possible that the larger error-related brain activity observed in the present sample may reflect the presence of or increased risk for a mood disorder (e.g., anxiety; Olvet and Hajcak, 2008) . Following a concussion, many individuals often experience post-concussion affective and neuropsychiatric symptoms (Kontos et al., 2016) . However, many of these symptoms are subclinical in nature and often do not meet clinical criteria for a clinical disorder. Importantly, these mood disorders have been shown to differentially modulate error-related brain activity, such that Holmes and Pizzagalli (2010) observed enhanced ERN in major depressive disorder, while Ladouceur et al. (2012) found reductions in ERN associated with depression. Relative to healthy individuals, individuals with anxiety tend to exhibit increased ERN (Hajcak, 2012) , which highlights the importance of considering the occurrence of mood disorders in individuals with a history of concussion. Although other studies examining the relationship between sportrelated concussion and error-related brain activity excluded individuals with neurological disorders (e.g., cognitive or attention-related disorders; Moore et al., 2015; Pontifex et al., 2009 ), many of these studies have not accounted for the presence or history of affective disorders, which may help to explain the divergent findings. Given the heterogeneity in concussions as well as the accompanying sequelae, studies assessing pre-season neurocognitive functioning using ERPs may help to better understand the nature of injury and rehabilitation, as well as potential risk for post-concussion affective disorders. It is also important for future studies to account for presence or history of affective disorders, as well as any changes in other health risk behaviors (drug and alcohol use disorders) in the examination of concussions and neurocognitive function.
In line with previous studies, the current findings relative to N2 suggest persistent alterations in pre-response conflict processes related to concussion Moore et al., 2015) . Although there were no significant between group differences for N2 amplitude or latency measures in the current study, the time since last concussion was negatively associated with N2 latency. Moore et al. (2015) also reported increased N2 latency in children with a history of concussion and collectively, these findings suggest that pre-response conflict monitoring processes may be influenced by both a presence of a concussive event and the time since the injury occurred. The N2 is generally linked to target identification and discrimination and reflects conflict generated by competing responses from task-relevant and task-irrelevant information (e.g., flanker congruent and incongruent trials). Combined with the ERN findings, these data suggest that there are persistent deficits related to concussions that manifest as difficulties in conflict and error-monitoring processes of cognitive control. In agreement with several previous studies (Larson et al., 2007; Pontifex et al., 2009) , no significant between group differences were found for the error positivity (Pe), which has been proposed to reflect additional processing that occurs after error detection, such as conscious error recognition (Falkenstein et al., 2000) . Thus, the long-term impact of a concussive history may impact more immediate temporal processes surrounding the response, rather than a later stage of cognitive processing. Future studies using ERPs to disentangle the temporal aspects of cognitive processing may help to elucidate any possible general or selective neurocognitive impairments that accompany sport-related concussions, and how these are related to important individual difference variables.
Accumulating research indicates that repetitive subconcussive impacts can alter brain structure and function. Recently, Moore et al. (2017) compared neurophysiological and neuropsychological function of contact athletes with and without a history of concussion relative to a group of non-contact control athletes. Subconcussive impacts were defined as the number of soccer headers across a season and, importantly, soccer games were videotaped across the season to confirm the number of self-reported headers across a season. Athletes in the concussion and subconcussion groups demonstrated alterations in brain function related to attentional orienting (P3a) and attentional resource allocation (P3b) while only athletes in the concussion group showed reductions in the amplitude of an ERP measure of perceptual attention (N1). The precise measurement of the extent and severity of concussions has proven to be challenging to the field; however, the nature of subconcussive impacts on neurocognitive function is perhaps even more elusive due to the lack of specificity and standardization of assessment. In this study, the number of years of high risk sport participation were not correlated with behavioral and ERP outcome measures. Therefore, in the present sample, the incidence of concussion was related to alterations in conflict and error-related brain activity, while high risk sport participation alone was not related to any of the neurocognitive outcomes. However, it is possible that years of high risk sport participation alone is not the best proxy measure of accumulation of subconcussive impacts. Future studies incorporating a similar methodology as the Moore et al. study where videotape analysis was used to confirm self-reported headers in soccer may help to advance our understanding of the potential risk of cognitive impairment following subconcussive injuries.
Limitations
Due to the cross-sectional nature of this study, it is not possible to draw conclusions regarding a potential causal relation between concussions and N2 and ERN components of cognitive control and performance monitoring. It is possible that preexisting individual differences may have accounted for the observed increases in conflict and error-related brain activity. As mentioned, there is a large and growing literature of ERN in anxiety (Hajcak et al., 2003; Moser et al., 2016; Moser et al., 2013; Proudfit et al., 2013) and it is possible that participants in this study were dealing with elevated post-concussive anxiety. Future studies should account for any mental health or affective disorders in their samples, as well as the potential moderating effect of mental health status on the relationship between concussion history and persistent cognitive impairments. Participants in this study were allowed to self-report their concussion history, which may not be as accurate as prospectively assessing neurocognitive functioning following a clinical diagnosis of concussion. However, all individuals were asked to list the number of "physician or primary health care provider diagnosed concussion(s)" and this was followed with a number of questions related to symptoms of acute injury to corroborate their reported history. Another potential limitation is the neuroscientific technique used to assess neurocognitive function in the present study. Although we used the ERP technique for its advantages in unveiling the temporal resolution of conflict and error-related processing, ERPs have poor spatial resolution, which limits our ability to make definitive conclusion about impairments in specific brain regions associated with a history of concussion. Furthermore, it is important to note that this study did not assess changes in ERPs from pre-concussion (baseline) values; therefore, it is essential that longitudinal cohort studies be conducted to determine change from baseline. A number of recent reviews have recommended that studies compare concussed individuals to their preinjury baseline values, particularly given the heterogeneous nature of concussive injuries (Broglio et al., 2011; Brush et al., 2017; Clark and Guskiewicz, 2016) . Lastly, it should also be noted that our ERN effects were apparent only for the relative response to errors compared to correct responses (i.e., ΔERN), which differs from previous work that has identified group differences in the magnitude of the ERN specifically (e.g., Moore et al., 2015; Pontifex et al., 2009) . Although no significant group differences in ERN were observed in this study, it is important to analyze not only the parent waveforms, but also the difference wave (ΔERN) in order to isolate brain activity of interest that is uniquely related to error-related processing (Simons, 2010) . Future research should evaluate the functional significance of ΔERN compared to ERN in order to determine whether these distinct patterns of effects can further inform our understanding of neuropathology following sport-related concussions.
Conclusion
In sum, our data extend the growing literature on the influence of sport-related concussions on neurocognitive function by examining both pre-response and post-response cognitive control processes. In particular, the current study demonstrated increased post-response error-related brain activity and a nonsignificant trend towards pre-response conflict-related activity in individuals with a history of sportrelated concussion. These neuroelectric findings were found in the absence of behavioral performance differences, indicating that individuals with a history of concussion require more neural resources to achieve a similar of functioning as non-concussed counterparts (i.e., a compensation effect). In addition, injury-related moderators of time since last concussion and number of concussions resulting in a loss of consciousness were related to impaired N2 latencies and flanker response accuracy. Although subconcussive events during sport have been previously to influence neurocognitive function, years of high risk sport participation were unrelated to neurocognitive performance, as indicated by both behavioral and neuroelectric markers. Thus, our data suggest that the incidence of a sport-related concussion may explain the select alterations in conflict-and error-monitoring, while the number of years of playing high risk sports is not associated with any persistent changes in conflict-related performance monitoring. These findings extend a growing body of literature suggesting the potential for longterm cognitive impairments following a sport-related concussion and that it may be the injury per se rather than years of playing high-risk sport that may be most pressing.
